ABSTRACT: Genetic relationships of measures of residual feed intake and daily feed intake with serum IGF-I concentrations at 8 wk of age and at 105 kg of BW, serum leptin concentration at 105 kg of BW, meat quality, and different fat accumulation traits on 834 Duroc pigs in 7 generations were estimated. Two measures of residual feed intake were estimated from the differences between actual and predicted feed intake: phenotypic residual feed intake (RFI phe ) and nutritional residual feed intake (RFI nut ). Meat quality traits included drip loss, cooking loss, pork color score, pork lightness (L*), and pH, whereas fat accumulation traits were subcutaneous fat, intermuscular fat, and total fat percent at 5-6th thoracic vertebra; subcutaneous fat, intermuscular fat, abdominal fat, and total fat percent at one-half body length and at last thoracic vertebra, and seam fat score. The IGF-I concentrations at 8 wk of age and 105 kg of BW had weak genetic correlations with measures of residual feed intake and daily feed intake (absolute values ranging from 0.14 to 0.24). The genetic correlations between measures of residual feed intake and serum leptin concentration were strong and positive (r g with RFI phe and RFI nut were 0.74 and 0.80, respectively). Residual feed intake was moderately but negatively correlated with cooking loss (r g with RFI phe and RFI nut were −0.42 and −0.49, respectively), whereas daily feed intake was moderately and positively correlated with drip loss and pH (0.33 and 0.36, respectively). Daily feed intake was also moderately correlated with subcutaneous fat accumulations at the 5-6th thoracic vertebra (0.31) and one-half body length (0.31) regions and was strongly correlated with accumulations at the last thoracic vertebra region (0.57). The genetic correlations between daily feed intake and intermuscular fat accumulations at all of the carcass sites were strong (0.60, 0.76, and 0.56 for intermuscular fat at 5-6th thoracic vertebra, one-half body length, and last thoracic vertebra, respectively). Residual feed intake was strongly and positively correlated with all of the fat accumulation traits (ranging from 0.53 to 0.88). The results indicate that reducing residual feed intake (increased efficiency) would lead to increased cooking loss and darkness, and decreased serum leptin concentration, fat accumulations at the different sites, and seam fat at the 6th rib interface of pork carcasses.
INTRODUCTION
Residual feed intake might be better than conventional feed conversion ratio to include in selection programs for the improvement of feed efficiency (Hoque et al., 2005) . It represents the deviation of the actual feed consumption of an animal from that predicted from the combination of growth and maintenance. Variation in residual feed intake therefore reflects differences in efficiency with which animals digest feed and use energy for maintenance and production. Selection against residual feed intake would therefore improve the efficiency of feed utilization without reducing the appetite required for growth purposes. Genetic associations of residual feed intake with growth and carcass traits have been studied (Hoque et al., 2005 (Hoque et al., , 2007 . However, little is known regarding the genetic relationships of residual feed intake with hormone traits, such as serum IGF-I and leptin concentrations. Insulin-like growth factor-I appears to be the key player in animal growth (Scanes et al., 1987) and is genetically correlated with feed conversion efficiency (Suzuki et al., 2004) . Leptin is an indicator of carcass composition and affects feed intake, BW, and energy expenditure (Houseknecht et al., 1998) .
Residual feed intake is weakly correlated with intramuscular fat and strongly correlated with backfat in pigs (Hoque et al., 2007) . However, genetic relationships between residual feed intake and fat accumulations at different sites of the carcass are necessary to decrease the extra fat accumulations without decreasing intramuscular fat because intramuscular fat accumulation is necessary to some extent to increase pork quality (Suzuki et al., 2009 ). In addition, reduction of extra fat accumulation at other parts of the body (i.e., subcutaneous, intermuscular, perinephric, and retroperitoneal) is important because it is related to the cost of feed. The present study was intended to estimate genetic relationships of residual feed intake and daily feed intake with serum IGF-I and leptin concentrations, meat quality, and fat accumulations at different sites of carcasses in Duroc pigs.
MATERIALS AND METHODS
The research protocols followed Japan's Pig Performance Test Guide Book (Japan Pig Registration Association, 1991).
Animals and Management
Duroc pigs used in this study were from a line that had been selected through 7 generations at the Miyagi Prefecture Animal Industry Experiment Station, Japan during 1995 to 2001. Selection criteria traits were ADG, LM area, backfat thickness, and intramuscular fat. Detailed selection procedures were described by Suzuki et al. (2005b) . In total, 1,642 pigs were tested, which were the progeny of 125 sires and 356 dams. The total number of animals in the pedigree, including test animals, was 1,780. Gilts farrowed only once, and boars were retained for use during one 4-to 6-wk breeding period. Thereby, a new generation was obtained each year. Pigs were weaned at 4 wk. At 8 wk of age, 1 to 2 male piglets (total of 50 piglets) and 2 to 4 female piglets (total of 100 piglets) from each litter were selected as candidates for boars and gilts based on their individual BW at 8 wk. At that time, about 80 piglets in all, composed of mainly boars and a few gilts (when boars were not available) from each litter, were selected for full-sib testing in each generation. This first stage selection was conducted within litters based on individual BW. Boars for full-sib tests were castrated at 7 wk of age after halothane gas anesthesia. Performance tests began when the BW reached 30 kg; testing ended at 105 kg. Pigs were provided continuous ad libitum access to water and a specially ordered formula feed (on DM basis, 15% CP, 0.76% lysine, 3.44 DE of Mcal/kg) during the testing period. The same feed was used for all 7 generations. Boars were reared individually in performance testing pens. Gilts and barrows were reared in growing pens, with group feeding in a concrete-floored building with 8 pigs per pen, which allowed 1.2 m 2 of floor area per pig.
Performance Traits
The weekly BW of individual pigs during the test period was recorded and ADG for each animal was calculated individually from the difference between the beginning and the end of test BW divided by the number of days. The BW at mid-test (MBW) for each animal was computed as the average of the start and end of test BW, and metabolic BW (MWT) at mid-test was calculated as MBW 0.75 . Daily feed intake was calculated on a DM basis for individual boars as the difference between supplied and leftover feed. The residual feed intake was estimated as phenotypic residual feed intake (RFI phe ) and nutritional residual feed intake (RFI nut ). The RFI phe was estimated by the residual of phenotypic regression from the multivariate analyses of daily feed intake on MWT and ADG fitting a model with fixed terms for the overall mean, plus random terms for the generation and the animal effects (including pedigree). 
Hormone Assays
The detailed procedures for measuring serum IGF-I and leptin concentrations have been described by Suzuki et al. (2004 and 2008) , respectively. Briefly, at 8 wk of age and at the end of testing when pigs reached 105 kg of BW, 10 mL of blood samples were collected from a jugular vein of pigs. Serum IGF-I was measured only for boars and gilts at the fourth generation, and IGF-I of boars, gilts, and barrows was measured from the fifth to seventh generation. After centrifugal separation at 1,500 × g for 15 min at 4°C, the serum samples were preserved at −20°C until used for IGF-I assay. Serum samples were extracted by acid-ethanol extraction to dissociate IGF-I from binding proteins before assaying (Daughaday et al., 1980) . Then IGF-I concentrations were assayed in duplicate by RIA following the doubleantibody method (Kuhara et al., 1992) . Serum IGF-I concentrations measured at 8 wk and at 105 kg of BW were defined as IGF8w and IGF105kg, respectively. Pigs for full-sib testing (barrows and gilts) were slaughtered at the time of 105 kg of BW using manual low-voltage (200 V) electric stunning 24 h after feed removal with free access to water. Blood samples (10 mL) were also collected from slaughtered pigs of the fifth to seventh generations to assay serum leptin. After centrifugal separation at 1,500 × g for 15 min at 4°C, the serum samples were preserved at −20°C until used for assay. The leptin concentrations were measured using a RIA system with a multi-species RIA kit (Linco Research Inc., St. Louis, MO).
Meat Quality Traits
Carcass traits were measured in the LM of slaughtered animals as described by Suzuki et al. (2005a) . A 7-to 10-cm-long piece of the LM (2 thoracic vertebrae sections above the last rib) was taken from the left onehalf of the carcass of each pig. At that time, pork color score was measured using the pork color standard (1 = light to 6 = dark; Nakai et al., 1975) . The meat was cut vertically along the length of the loin. The sliced meat (about 50 g) was hung by wire in the specimen case. Drip loss was determined by weighing sliced meat stored at 4°C in the refrigerator after 24 h; it was calculated as a percentage of the original weight of the sliced meat. Pork lightness (L*) was measured using a spectrophotometer (CM-2002, Minolta Co., Ltd., Tokyo, Japan) after cutting and blooming for more than 15 min; pH was also measured. The remaining LM section was cut into 2 along the muscle fiber and was used to analyze cooking loss. Two pieces of meat, 2 × 2 × 5 cm each, were weighed. They were vacuumpackaged in polyethylene bags and heated in a warm bath at 70°C for 30 min. Then, at room temperature after cooking, moisture on the meat was wiped off, and the meat weight was measured again. Cooking loss was determined by measuring drippings as a percentage of the original meat weight.
Image Analysis
During 24 h of slaughter, the left one-half of the carcass was cut at the site between the 5th and 6th thoracic vertebra, the one-half body length, and the last thoracic vertebra, and a picture was taken of the cutting plane with a ruler. Image analyses of cross-sectional areas of dressed carcasses are effective for estimation of separate fat accumulations in pig carcasses (Suzuki and Nishi, 1993) . The areas of the subcutaneous fat, intermuscular fat, and abdominal fat were measured using image analysis software (Image Hyper-2, Digimo Motion, Osaka, Japan). Because the distinction between perinephric fat and intermuscular fat was not clear, these were defined together as intermuscular fat; retroperitoneal fat was defined as abdominal fat. Then, percentages of different fat accumulations were calculated as subcutaneous, intermuscular, or abdominal fat areas divided by whole cross section area multiplied by 100. A detailed method (with figures) for classification of fat accumulations has been described by Suzuki et al. (2009) . Seam fat (intermuscular fat scores) at the 6th rib interface was evaluated using the NPPC (1976) evaluation method as from slight to very abundant (1 = slight, 2 = small, 3 = moderate, 4 = abundant, and 5 = very abundant). The sources and descriptive statistics of traits studied are presented in Table 1 .
Statistical Analysis
The covariance components for all traits were estimated by the REML method with the VCE program (Neumaier and Groeneveld, 1998) . Data were analyzed in a series of 2-trait animal models. The 2-trait analyses included each pair-wise combination of a performance trait and a hormone or meat quality or fat accumulation trait. The following 2-trait animal model was used to estimate genetic covariances:
where Y ijklm = observation of trait i; μ i = common constant for trait i; and G ij = fixed effect of selection generation j for trait i. The selection generation included the genetic effect of selection and the environmental effect at each generation; S ik = fixed effect of sex k for trait i; c il = random effect of common environment l of littermates for trait i; a im = random additive genetic effect of animal m for trait i; and e ijklm = random residual effect for trait i.
RESULTS
The genetic correlations of measures of residual feed intake and daily feed intake with hormone traits are presented in Table 2 . Insulin-like growth factor I, at 8 wk of age and 105 kg of BW, had weak genetic correlations (P < 0.05) with measures of residual feed intake and daily feed intake during the growth period between 30 and 105 kg of BW (absolute values ranging from 0.14 to 0.24). However, IGF8w was positively correlated (P < 0.05) with measures of residual feed intake and daily feed intake, whereas the corresponding correlations of IGF105kg with these feed intake traits was negative. The genetic correlations between measures of residual feed intake and serum leptin concentration were strong (P < 0.01) and positive (r g with RFI phe and RFI gen were 0.74 and 0.80, respectively), suggesting that reducing excessive intake of feed would also lead to a reduction in the concentration of serum leptin.
The genetic correlations of measures of residual feed intake and daily feed intake with carcass traits are shown in Table 3 . Genetically, cooking loss was moderately and negatively correlated (P < 0.01) with measures of residual feed intake (r g with RFI phe and RFI nut were −0.42 and −0.49, respectively). However, the genetic correlations of measures of residual feed intake with pork color score were low (P < 0.05) and negative (r g with RFI phe and RFI nut were −0.26 and −0.24, respectively), and with L* were low (P < 0.05) and positive (r g with RFI phe and RFI nut were 0.20 and 0.16, respectively). Daily feed intake was moderately and positively correlated with drip loss and pH (0.33 and 0.36, respectively), and weakly (P < 0.05) but negatively correlated with pork color score (−0.12).
The genetic correlations of measures of residual feed intake and daily feed intake with fat accumulations in the different sites of the carcasses are summarized in Table 4 . Concerning the genetic correlations of measures of residual feed intake and fat accumulations traits, the correlations of RFI phe with fat accumulation traits have no significant differences (P > 0.05) with the correlations of RFI nut with fat accumulation traits. Measures of residual feed intake were strongly (P < 0.01) and positively correlated with all of the fat accumulation traits (ranging from 0.53 to 0.88), indicating that improving the efficiency of feed utilization would decrease fat accumulations at the different sites of pork carcasses. Daily feed intake was moderately correlated (P < 0.05) with subcutaneous fat accumulations at 5-6th thoracic vertebras (0.31) and half body length (0.31) regions and strongly correlated (P < 0.01) with fat accumulation at the last thoracic vertebra region (0.57). The genetic correlations between daily feed intake and intermuscular fat accumulations at all of the carcass sites studied were strong (P < 0.01; 0.60, 0.76, and 0.56 for intermuscular fat at 5-6th thoracic verte- bra, half body length, and last thoracic vertebra, respectively).
DISCUSSION
Insulin-like growth factor-I can be measured relatively easily in young animals and could be used to predict future performance, especially for traits that are difficult and expensive to measure, such as feed efficiency (Bunter et al., 2005) . The genetic correlations of IGF-I measured at 8 wk of age with measures of residual feed intake and daily feed intake are different in magnitude and direction from those of IGF-I measured at 105 kg of BW with measures of residual feed intake and daily feed intake in the present study. No published literature is found to compare genetic correlations between residual feed intake and serum IGF-I concentration. However, Suzuki et al. (2004) estimated a positive genetic correlation between IGF8w and feed conversion ratio (0.20), and a negative genetic correlation between IGF105kg and feed conversion ratio (−0.17), which are partially in line with our results. Bunter et al. (2005) reported that IGF-I was weakly genetically correlated with feed intake and feed conversion ratio in juvenile pigs. Divergent selection for serum IGF-I in juvenile sheep over 5 generations indicated weak association between IGF-I and feed efficiency (Blair et al., 2002) . From a simulation study in beef cattle, Wood et al. (2002) concluded that IGF-I could be used effectively as a screening test in a 2-stage selection strategy for identifying animals for expensive residual feed intake testing. The weak but positive genetic correlations of residual feed intake or daily feed intake with IGF8w indicated that reducing residual feed intake will reduce IGF-I at 8 wk of age.
The current study is the first of its kind reporting genetic parameters on the relationships between serum leptin concentration and residual feed intake in pigs. The results of this study indicated that the relationships between serum leptin concentration and measures of residual feed intake may be stronger than the relationship between serum leptin concentration and daily feed intake. Serum leptin concentration was strongly genetically correlated with measures of residual feed intake and weakly correlated with daily feed intake, which indicated that serum leptin concentration is directly related to decreasing excessive intake of feed, but is not associated with appetite. However, Nkrumah et al. (2007) observed the relationship of residual feed intake and feed conversion ratio with leptin concentration to be moderate and negative (−0.44 ± 0.24 and −0.24 ± 0.38, respectively) in feedlot cattle. The large SE associated with their estimates indicate that these estimates may not be different from zero. The discrepancy between present estimates and the estimates by Nkrumah et al. (2007) might be due to species differences. Altmann and Borell (2007) reviewed published literature and showed that leptin production and its Residual feed intake and other traits in pigs correlations with different traits were very inconsistent across various species and populations. In another study, Richardson et al. (2004) observed a significant phenotypic correlation (r = 0.31) between residual feed intake and serum leptin concentration in Angus cattle. The strong genetic correlations between serum leptin concentration and measures of residual feed intake in the present study suggest that serum leptin concentration could be an effective indicator for selecting efficient pigs. Negative genetic correlations of measures of residual feed intake with cooking loss and pork color score indicated that the more feed efficient pigs have inferior meat quality. Unfavorable genetic correlations between feed conversion efficiency and meat quality traits were also found by Vries et al. (1994) , Hofer and Schworer (1995) , and Hermesch et al. (2000) . The negative genetic relationships of measures of residual feed intake with cooking loss and pork color may result from variation in energetic maintenance requirements. Pigs with greater maintenance requirements could have faster glycogen depletion, and, therefore, a greater risk of dark and dry meat production (Vries et al., 1994) . This hypothesis is to some extent supported by the results of McPhee et al. (1992) . They found an increased frequency of dark, firm, and dry meat in an experimental line selected for increased lean growth rate, which also showed a correlated increase in daily feed intake. However, Vries et al. (1994) estimated a negative but weak (−0.05) genetic correlation between residual feed intake and cooking loss in Yorkshire pigs. In another experiment, Hovenier et al. (1993) reported the genetic correlations of feed conversion efficiency with meat lightness and pH to range around zero, which are in line with the present estimates. The estimated genetic correlation between daily feed intake and pH was less than the estimate of 0.66 reported by Hermesch et al. (2000) in Australian pigs. They also noted that there was a weak and negative genetic correlation between daily feed intake and meat lightness. The other 2 studies included these traits combinations (Vries et al., 1994; Hofer and Schworer, 1995) finding weak to moderate genetic correlation, which support the present estimates. In the study by Vries et al. (1994) , reduced daily feed intake and residual feed intake was associated with darker color pork production. They also concluded that dark meat might result from greater maintenance requirements.
We are not aware of any published estimates of genetic correlations between residual feed intake and separate fat accumulations at the different sites of pork carcasses. However, published studies showed strong genetic correlations between daily feed intake, feed conversion efficiency, or residual feed intake and backfat measurements (van Steenbergen et al., 1990; Cameron and Curran, 1994; Hoque et al., 2007) . Mrode and Kennedy (1993) also found positive genetic correlations of backfat with measures of residual feed intake (0.34 and 0.61 for residual feed intake adjusted, respectively, for daily gain and lean growth rate) with Landrace, Yorkshire, and Duroc pigs. Cai et al. (2008) showed that selection for residual feed intake can significantly decrease backfat in Yorkshire pigs. Hoque et al. (2007) noted that downward selection for residual feed intake would lead to reduced backfat in Duroc pigs. Thus, the strong genetic correlations between measures of residual feed intake and fat accumulations at the different carcass sites in the present study are partially in agreement with the published estimates. It is recommended to decrease unnecessary seam fat because consumers prefer less seam fat in pork. The strong genetic correlations of measures of residual feed intake with seam fat score and fat accumulations at the different sites indicate that reducing residual feed intake (increased efficiency) would also lead to a reduction in extra fat accumulations at the different sites, including seam fat of the carcasses.
The strong genetic correlations of leptin concentration with measures of residual feed intake suggest that leptin concentration is an effective indicator for reducing excessive intake of feed. Increased daily feed intake is associated with greater drip loss, L*, and pH of meat, whereas decreased residual feed intake (greater efficiency) was correlated with greater cooking loss and darkness, indicating that selection for pigs with greater efficiency of feed utilization might increase dark and dry meat incidence. The results also provide evidence that selection for reduced residual feed intake would lead to decreases in fat accumulations at the different sites and seam fat at the 6th rib interface of the pork carcasses.
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